xcess energy derived from glucose or fatty acids is stored as triglycerides in adipocytes and leads to obesity, which is characterized by adipocyte hypertrophy and accumulation of macrophages in adipose tissue. [1] [2] [3] In obesity, adipocytes secrete chemotactic factors, such as monocyte chemotactic protein-1 4-6 and serum amyloid A3, 5, 6 contributing to recruitment of immune cells, such as macrophages.
xcess energy derived from glucose or fatty acids is stored as triglycerides in adipocytes and leads to obesity, which is characterized by adipocyte hypertrophy and accumulation of macrophages in adipose tissue. [1] [2] [3] In obesity, adipocytes secrete chemotactic factors, such as monocyte chemotactic protein-1 [4] [5] [6] and serum amyloid A3, 5, 6 contributing to recruitment of immune cells, such as macrophages. [7] [8] [9] Both adipocytes and macrophages secrete proinflammatory molecules, which may promote insulin resistance and systemic inflammation. During the development of obesity, reactive oxygen species (ROS) have been implicated as contributors to both the onset and the progression of insulin resistance. 10, 11 ROS in visceral adipose tissue are significantly increased in genetically obese mice and mice made obese by consumption of a high-fat diet. 12 However, the temporal contributions of adipose tissue ROS, inflammation, and immune cell infiltration to obesity-associated insulin resistance remain poorly defined.
We previously showed that excess glucose and palmitate are not metabolized to a major extent via mitochondrial oxidation in adipocytes. Instead, excess nutrients activate NADPH oxidase (NOX) and the pentose phosphate pathway (PPP), which is a major source of cellular NADPH and leads to NOX activation. 13 NOXs are membrane-bound enzyme complexes that transfer electrons from NADPH to oxygen, generating superoxide. We have also found that NOX4 is the major NOX isoform in cultured murine and human adipocytes. 13 Moreover, NOX4-derived ROS were stimulated by excess glucose, as well as palmitate, leading to increased chemotactic factor expression in cultured adipocytes. 13 Other studies showed that NOX4 and PPP activity increase in adipose tissue with dietinduced obesity (DIO), and treatment with the NOX inhibitor apocynin, or the PPP inhibitor dehydroepiandrosterone, reduces ROS generation and obesity-related inflammation. 12, 14 Despite the relationship between obesity, ROS production, and NOX4 activity, the role of adipocyte NOX4-derived ROS in the onset of insulin resistance, adipocyte inflammation, and recruitment of macrophages to adipose tissue during the development of obesity has not yet been explored in vivo.
In this study, we determined whether NOX4 and PPP activity are altered during the development of insulin resistance in mice challenged with a high-fat, high-sucrose (HFHS) diet. Further, we used a new mouse model in which NOX4 has been deleted specifically in adipocytes to characterize the pathophysiological role of NOX4 in an obesogenic DIO model that develop insulin resistance over time. We now show that adipocyte NOX4 and PPP activity are transiently increased during the development of obesity. Moreover, mice with adipocytes deficient in NOX4 show a delayed onset of insulin resistance with reduced adipose tissue inflammation. However, with prolonged HFHS diet feeding, mice with adipocyte-specific NOX4 deficiency show the same extent of insulin resistance and adipose tissue inflammation as control wild-type mice. Collectively, these data suggest that NOX4-derived ROS from adipocytes may play a role in the onset of insulin resistance and adipose tissue inflammation. Such enhanced understanding of the interplay between ROS, adipocyte inflammation, and adipose tissue macrophage accumulation could provide novel directions for prevention of obesity-associated conditions, such as insulin resistance.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

PPP and NOX4 Activity Are Transiently Increased During the Development of Obesity in Control Wild-Type Mice
To determine whether PPP and NOX4 activities change during the progression of obesity, we fed male C57BL/6 mice either a HFHS or chow (control) diets for 8 and 16 weeks as we have done previously. 15 Superoxide dismutase-inhibitable NOX4 and PPP activity in epididymal adipocytes was increased after 8 weeks of HFHS diet, whereas these activities were diminished after 16 weeks on the HFHS diet ( Figure 1A and 1B) . Because overloading the mitochondrial oxidation system leads to leakage of electrons as a source of ROS and β-oxidation of free fatty acids (FFAs) could also be a potential source of mitochondrial-derived ROS, we measured fatty acid oxidation. Fatty acid oxidation was only increased after 16 weeks on the HFHS diet ( Figure 1C ). To determine whether increasing fatty acid oxidation is a result of increasing mitochondrial abundance, we measured mitochondrial DNA abundance relative to nuclear DNA. We did not find any significant change in mitochondrial DNA/nuclear DNA ratio between 8 and 16 weeks on HFHS or chow diets (data not shown). Insulin-dependent phosphorylation of Akt (protein kinase B) in epididymal adipocytes was high for the first 8 weeks of HFHS feeding and gradually waned after 12 weeks ( Figure 1D ). These data suggest that NOX4-derived ROS were generated by HFHS feeding, but were diminished coincidently with the onset of insulin resistance. Conversely, ROS derived from fatty acid oxidation were generated after adipocytes became insulin resistant.
Adipocyte-Specific NOX4-Deficient Mice Show Delayed Onset of Insulin Resistance
To investigate the pathophysiological role of adipocyte-specific NOX4 in a mouse model of obesogenic DIO, we have generated Adipoq-Cre/+;NOX4 Flox/Flox mice as described in the Materials and Methods. To verify adipocyte-specific deletion of NOX4, we performed Western blot analysis after obtaining lysates of the adipocyte-enriched (AE) and stromal vascular cell fraction from epididymal white adipose tissue (EWAT) and whole liver. As shown in Figure 2A , the AE fraction from Adipoq-Cre/+;NOX4 Flox/Flox EWAT shows almost complete loss of NOX4 protein, while expression is maintained in stromal vascular cell fractions and liver. To assess the effect of adipocyte-specific NOX4 deletion on metabolic homeostasis, we compared body weight gain, glucose tolerance, and insulin tolerance in Adipoq-Cre/+;NOX4 Flox/Flox and Adipoq-Cre/+;NOX4 +/+ control mice fed a HFHS diet for ≤24 weeks. No differences in body weights between genotypes were observed during the course of the study ( Figure 2B ). Adipoq-Cre/+;NOX4 Flox/Flox mice showed improved glucose and insulin tolerance after 8 weeks, improved insulin tolerance after 16 weeks, and no improvements after 24 weeks of HFHS feeding, suggesting a transient improvement in insulin sensitivity during the development of obesity. Consistent with this, fasting insulin levels were low in Adipoq-Cre/+;NOX4 Flox/ Flox mice at 8 weeks, and glucose tolerance test insulin levels were also low in Adipoq-Cre/+;NOX4 Flox/Flox mice at 12 and 16 weeks (Table) . In addition, plasma adiponectin levels were higher in Adipoq-Cre/+;NOX4 Flox/Flox mice at 12 and 16 weeks (Table) , suggesting the potential involvement of this adipokine in the improvements of insulin sensitivity seen at these time points. We have also measured NOX activity in AE fractions from EWAT in Adipoq-Cre/+;NOX4 Flox/Flox and AdipoqCre/+;NOX4 +/+ control mice fed a HFHS diet for 8, 12, and 16 weeks ( Figure IIA in the online-only Data Supplement). Nox4 was highly expressed in AE fractions, while other NOX family members (Nox1, 2, 3, 5, Duox1/2) were barely detectable. To determine whether there are macrophages present in the AE fractions, we measured macrophage markers using reverse transcriptase polymerase chain reaction and Western blotting. F4/80 or Cd11b, macrophage markers, were minimally expressed, while Adipoq was highly expressed in AE fractions (data not shown). Also, F4/80 protein was only detected in stromal vascular cell fractions from EWAT in control mice fed a HFHS diet for 16 weeks ( Figure To investigate whether adipocyte-specific NOX4 ablation affects oxidative stress in adipose tissue, we have measured a particular membrane lipid peroxidation product, 4-hydroxynonenal (4-HNE), which is well known as an indicator of ROS, in EWAT from Adipoq-Cre/+;NOX4 
Deletion of NOX4 From Adipocytes Does Not Alter Differentiation Capacity, but Protects Adipocytes From Nutrient-Induced Inflammation
Because NOX4-derived ROS are key modulators of adipocyte differentiation, 16 we next determined whether blunted adipogenesis occurs in Adipoq-Cre/+;NOX4 NADPH oxidase (NOX) and pentose phosphate pathway (PPP) activity are increased before adipocytes become insulin resistant, whereas β-oxidation is increased after adipocytes become insulin resistant during the progression of obesity. C57BL/6 mice were fed high-fat, high-sucrose (HFHS) or chow diets for the indicated time periods (n=5). A-C, At euthanization, the adipocyte-enriched (AE) fraction from epididymal fat was harvested and analyzed for NOX activity (A), PPP activity (B), or fatty acid oxidation (C) using 0. Figure 1A and 1B, and Student t test for Figure 1C . D, Fifteen minutes prior to euthanization, mice received insulin or saline injections, and the AE fraction from epididymal fat was harvested and analyzed by immunoblotting using antiphospho-Akt (protein kinase B) or total Akt antibodies. Data are representative of at least 3 independent experiments (n=2). SOD indicates superoxide dismutase.
both showed appropriate levels of lipid droplets ( Figure 3A ). In addition, expression of adipogenesis genes (Pparγ, Adiponectin, and C/ebpα) was not altered in Adipoq-Cre/+;NOX4 Flox/Flox mice compared with Adipoq-Cre/+;NOX4 +/+ mice ( Figure 3B ). Similarly, gene expression of Pref-1, a marker for preadipocytes, was equally diminished in fully differentiated adipocytes from both Adipoq-Cre/+;NOX4 Flox/Flox and Adipoq-Cre/+;NOX4 +/+ mice ( Figure 3B ). These data suggest that the extent of adipocyte differentiation between wild-type control and adipocytespecific NOX4-deleted mice did not differ. Interestingly, primary adipocytes differentiated from Adipoq-Cre/+;NOX4 Flox/Flox mice showed resistance against high glucose or palmitate-induced adipocyte inflammation (Figure 4 ). These data indicate that deficiency of NOX4 in adipocytes has a protective effect on exposure of excess nutrients in adipocytes, without altering preadipocyte differentiation capacity.
Adipocyte-Specific Deficiency of NOX4 Initially Reduces Adipose Tissue Inflammation During the Development of Obesity
To determine the effect of ablation of adipocyte-derived NOX4 on adipose tissue inflammation at different stages during the development of obesity, we performed a time course experiment with Adipoq-Cre/+;NOX4 (Table) . Collectively, these data suggest that adipocyte-specific deletion of NOX4 could have beneficial effects on other organs, such as the liver, which could contribute to the observed whole-body insulin sensitization.
Discussion
Previously, we have shown that excess glucose and saturated fatty acids generate ROS in cultured adipocytes and have confirmed that the source of these ROS is NOX4. 13 In this study, we now show that NOX4 activity is initially increased in adipose tissue during the development of obesity when adipocytes are still insulin-sensitive and eventually decreases with prolonged HFHS diet feeding when adipocytes become insulin resistant. Furthermore, in response to an obesogenic diet, adipocytespecific ablation of NOX4 shows the delayed onset of insulin resistance and improves adipose tissue inflammation, as well as liver inflammation, during the development of obesity.
Global NOX4 deficiency has been reported to worsen adipose tissue inflammation in a mouse model of DIO. Because NOX4 activity is essential for the differentiation of preadipocytes into mature adipocytes, 16 blunted adipogenesis in the absence of NOX4 would reduce the number of adipocytes, allowing the remaining adipocytes to become more hypertrophic, thereby, leading to adipose tissue inflammation. Consistent with this, expression of the adipogenesis genes Pparγ and C/ebpα was reduced in global NOX4 knockout mice. 17 Therefore, it is imperative to investigate NOX4 activity in mice during the pathophysiological progression of obesity where adipogenesis is intact and to study the effect of adipocyte-specific deficiency of NOX4. Indeed, different from the situation with global NOX4 deficiency in which adipocyte differentiation is blunted, 17 our study showed that adipogenesis from the adipocyte-specific NOX4-deficient mice is intact, and the adipocyte-specific NOX4-deficient mice showed the same degree of adiposity as control mice. We speculate that A B Figure 5 . Adipocyte-specific deficiency of NADPH oxidase 4 (NOX4) initially improves the adipose tissue inflammation during the development of obesity. Adipoq-Cre/+;NOX4 +/+ and Adipoq-Cre/+;NOX4 Flox/Flox mice were fed a high-fat, high-sucrose (HFHS) diet for the indicated times (n=6). A, Saa3, Ccl2, Tnfa, Il6, Cd11b, Cd11c, Emr1, Mac2, Nox2, and Nox4 gene expression was measured in epididymal fat by reverse transcriptase polymerase chain reaction (RT-PCR). B, Epididymal fat isolated from Adipoq-Cre/+;NOX4 +/+ and AdipoqCre/+;NOX4 Flox/Flox mice fed a HFHS diet for 12 or 24 weeks was analyzed by immunohistochemistry using a Mac2 antibody, which detects macrophages (n=5). Tissues were photographed using microscopy (original magnification ×60) and quantified using Image Pro Plus software. *P<0.05 vs Adipoq-Cre/+;NOX4 +/+ in HFHS. ANOVA and Bonferroni post hoc test were used.
17
our adipocyte-specific NOX4-deficient mice show intact adipogenesis because preadipocytes still express NOX4, while in the global NOX4 knockout mice, they do not. Others reported that high insulin treatment of human adult adipose-derived stem cells caused NOX4-derived ROS generation, leading to prevention of proliferation and adipogenesis and induction of apoptosis in these cells. 18 This report raises the question of whether the progression in adipogenesis could be affected by NOX4 ablation in adipocyte-specific NOX4 knockout mice. However, in our study, preadipocytes isolated from wild-type control and adipocyte-specific NOX4-deleted mice showed no inhibition of proliferation and adipogenesis and no induction of apoptosis by high insulin treatment during the progression of adipogenesis.
How does the adipocyte-specific deficiency of NOX4 show beneficial effects on insulin sensitivity and tissue inflammation only transiently during the development of obesity? During the development of obesity, when insulin responsiveness is intact and insulin activates downstream protein kinases, including insulin receptor substrate proteins and Akt/PKB, 19, 20 energy flux from nutrient excess flows into lipogenesis, in which excess glucose and FFA are used for triglyceride synthesis by adipocytes. In these stages, PPP generates pentose from the 6 carbon glucose and is a major source of cellular NADPH. During the initial stage of energy excess, adipocytes will continue to actively store triglycerides derived from excess nutrients and will demonstrate increased PPP activity and NADPH content, which results in NOX4-derived ROS generation. 21 We speculate that these NOX4-derived ROS initiate the onset of adipocyte insulin resistance and adipose tissue inflammation. We expect that adipocytespecific deficiency of NOX4 will retard the initiation of adipocyte inflammation and insulin resistance during this stage. Supporting this concept, our study showed increased NOX4 and PPP activity before adipocytes become insulin resistant during the development of obesity. Consequently, our study showed that adipocyte-specific deletion of NOX4, which is an important source of ROS generation, initially led to reduced adipose tissue inflammation and improved insulin resistance during the progression of obesity.
Why then does the adipocyte-specific deficiency of NOX4 fail to show beneficial effects on insulin sensitivity and tissue inflammation after prolonged HFHS feeding? In the obese state, insulin responsiveness is blunted, and phosphorylation of insulin receptor substrate and Akt is reduced, 19, 20, 22 and uptake of glucose and FFA by adipocytes is reduced. Hormone-sensitive lipase is activated, leading to the release of FFA from triglyceride stores, 23 and energy flux in this state flows to lipolysis rather than lipogenesis. We propose that when adipocyte glucose uptake is reduced by insulin resistance, adipocytes start to use FFA from triglyceride stores for energy. This alteration of energy flux into fatty acid oxidation could overwhelm the capacity of mitochondria, leading to leakage of electrons. Indeed, our study showed that after adipocytes became insulin resistant in vivo, oxidation of FFA is increased, with the potential that ROS could be generated in mitochondria. Because others also showed that several proteins in the mitochondrial respiratory chain or matrix were decreased by prolonged high-fat diet feeding, despite unchanged mitochondrial abundance, 24 it would also be possible that mitochondrial remodeling during the development of obesity could evoke extensive leakage of protons, leading to the generation of mitochondria-derived ROS. Thus, mitochondria-derived ROS could now take the place of NOX4 and play a pivotal role in ROS generation and adipose tissue inflammation. Another possibility is that recruited and activated immune cells that infiltrate obese adipose tissue can promote the generation of ROS by NOX2, which is predominantly expressed in activated T cells and macrophages. 8, [25] [26] [27] Whole-body deficiency of NOX2 shows attenuation of adipose tissue inflammation and insulin resistance in mice fed a high-fat diet. 28 Also, NOX2-derived ROS itself could take the place of NOX4 and has effects on adipose tissue inflammation, promoting the onset of insulin resistance in adipocytes during the progression of obesity. This potential possibility must be investigated in future studies.
We interestingly found that 4-HNE staining was colocalized with Mac2 staining. However, it is possible that infiltrated macrophages in adipose tissue generate ROS through NOX2 activation, resulting in lipid peroxidation. However, the origin of ROS-mediated lipid peroxidation and how different sources of ROS affect insulin resistance and adipose tissue inflammation will need to be examined closely in further studies.
We have observed that liver inflammation was ameliorated by adipocyte-specific ablation of NOX4. Adipocytes routinely secrete adipokines that enable complex homeostatic cross talk with other tissues, such as the liver. It is well established that both adipose tissue and hepatic inflammation are associated with obesity. 29 Our results showed that plasma adiponectin, an anti-inflammatory adipokine derived from adipocytes that has been shown to promote insulin sensitivity, was sustained in mice with adipocyte-specific NOX4 ablation. This elevated level of circulating adiponectin could have a beneficial effect on the liver, potentially resulting in the reduced liver inflammation, as well as reduced plasma triglycerides and cholesterol we have shown. Consistent with this notion, several other reports showed that increased adiponectin was associated with increased activity of AMPK (5' AMP-activated protein kinase) and reduced NOX4-derived ROS and showed improvements in heart and podocyte function in obesity and diabetes mellitus. 30, 31 In contrast to previous speculation that adiponectin reduces NOX4 activity, leading to improvement of tissue function, 30, 31 our study demonstrates that ablation of NOX4 activity increases plasma adiponectin, leading to improved liver function. We also speculate that the reason why adiponectin levels are elevated after 12 and 16 weeks of HFHS feeding in mice with adipocyte-specific NOX4 ablation is because reduced inflammation in adipose tissue leads to increased adiponectin production from adipocytes.
It is unknown whether ROS directly promote insulin resistance and inflammation or are a casual bystander associated with insulin resistance and inflammation in adipocytes. In this study, we demonstrated that NOX4-derived ROS could play a role in the initiation of adipocyte inflammation and the onset of insulin resistance during the development of obesity. The findings from this study offer translational implications related to possibilities in which modulation of NOX4 activity could be a therapeutic target to prevent obesity-associated insulin resistance.
